Introduction {#Sec1}
============

Nature impresses us with images, changes and tendencies that repeat themselves innumerable times even though "similar observations" are not identical to each other. In science, we recognize each ubiquitous tendency as a distinct *phenomenon*. Over the centuries, our predecessors have summarized each distinct phenomenon with its own law of physics, which then serves as a 'first principle' in the edifice of science. A principle is a 'first principle' when it cannot be deduced from other first principles.

This aspect of organization in science is illustrated by the evolution of thermodynamics to its current state^[@CR1],[@CR2]^. For example, 150 years ago the transformation of potential energy into kinetic energy and the conservation of "caloric" were fused into one statement---the first law of thermodynamics---which now serves as a first-principle in physics. It was the same with another distinct tendency in nature: everything flows (by itself) from high to low. This, the phenomenon of one-way flow, or irreversibility, was summarized in another statement at the same time---the second law of thermodynamics---which serves as another first-principle in physics.

Why do the most common occurrences need such a long time to be recognized as natural tendencies (phenomena), and even longer to be recorded in physics with a short statement, a first principle? Because the evolution of the human mind is an integral part of the evolution of the human, to adapt and survive while struck by *unexpected* dangers, environmental, animal, and human. The first thing that we question is the unusual (the "surprise", which means being grabbed from above, as if in the claws of a predator). Questioned the least are the most common observations, the familiar, the not threatening. This is why *new* questions in science are rare.

Nowhere is the human approach to science more evident than in the face of the natural phenomenon of evolutionary organization^[@CR1],[@CR3]^. Images, morphing images, impress us constantly, yet the most common images go unnoticed. For example, the oneness of natural tree-shaped architectures of the inanimate realm (e.g., river basins) and the animate realm (e.g., human lungs, city traffic) is evident and intriguing. Recent articles are drawing attention to phenomena of evolution that are general and belong in physics^[@CR3]--[@CR23]^. This literature shows that such phenomena are predictable. Examples are the architectures of lungs^[@CR24]^ and corals^[@CR25]^, the life span and life travel of animals, vehicles, rivers and the winds^[@CR26]^, the round cross sections of all jets and plumes^[@CR27]^, the dendritic architecture and S-shaped history of dendritic solidification such as snowflakes^[@CR28]^, the arrow of time of evolutionary organization^[@CR29]^, and the fact that humans prefer unwittingly certain shapes and proportions, from the shapes of the Egyptian pyramids^[@CR30]^ and the shapes of fires (piles of fuel)^[@CR31]^, to the golden-ratio shape of drawings, images and text.

Because of its physics basis, the phenomenon of evolution can be imagined the way it happened, in retrospect. Further ahead along this line, evolution can be not only predicted but also witnessed in our life time, for example, by observing technological evolution. The geometric similarity of modern commercial aircraft^[@CR32]^, like the similarity of helicopters^[@CR33]^ and automobiles^[@CR34]^, shows that human movement on the world map is facilitated by the generation and persistence of certain shapes and structures.

In this paper we strengthen this message by questioning an evolutionary phenomenon of technology that is evident (Fig. [1](#Fig1){ref-type="fig"}) but goes unquestioned. Why do boats with sails look the same? They have sails that are roughly as tall as the length of the hull. They have hulls that are longer than they are wide. Furthermore, they are submerged to a depth that is greater when the hull is wider. The boat has been this way since antiquity. Even more intriguing is that the large boat looks just like the small boat. Why?Figure 1The geometric similarity of boats with sails, clockwise: ancient Egyptian galley, the essential length scales of the moving body, and modern sailboats (photo: Adrian Bejan).

Theory {#Sec2}
======

The reason for all these observations is the human tendency to move more easily on earth^[@CR1],[@CR3]^. The vehicle architecture that emerges is a reflection of the urge of all its builders and users to move more easily, to have greater access to the surroundings. In recorded times, this tendency gave birth to artifacts (vehicles) in which people encapsulate themselves to acquire greater access. From this idea, the convergent evolution of all boats with sails is deducible.

The boat moves horizontally with the speed V~w~ on the surface of the water. The wind with the speed V~a~ engages the sail with the force,$$\documentclass[12pt]{minimal}
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From the balance between F~w~ and F~a~ emerges the ratio V~w~/V~a~, which is larger when the quantity in square brackets in Eq. ([2](#Equ2){ref-type=""}) is smaller. This quantity varies in accord with the two aspect ratios of the configuration, D~x~/D~y~ and D~x~/L, subject to the displaced volume of water (D~x~D~y~L), which is fixed because it is dictated by the total weight of the boat. It is easy to show analytically that the quantity in the square brackets in Eq. ([2](#Equ2){ref-type=""}) is minimum when$$\documentclass[12pt]{minimal}
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What about the shape of the sail? When the aspect ratios of Eqs. ([3](#Equ3){ref-type=""}, [4](#Equ4){ref-type=""}) apply, the drag force in the water \[Eq. ([2](#Equ2){ref-type=""})\] becomes$$\documentclass[12pt]{minimal}
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With the three aspect ratios now predicted (D~x~/D~y~, L/D~x~, H/L) the evolutionary direction of the boat model selected in Fig. [1](#Fig1){ref-type="fig"} is complete, and can be drawn in three dimensions. The shape viewed from above is L/D~x~, while from the front and from the side it is respectively D~x~/D~y~ and H/L. There are only three shapes because the configuration of the simplest model (Fig. [1](#Fig1){ref-type="fig"}) has only three degrees of freedom. Each of these shapes refers to the external look of the model.

Boat designs are more complicated because in addition to external shape they also have internal structure. The internal structure has additional geometric details, which have increased in number during boat evolution. Three frames from this evolutionary sequence are aligned chronologically in Fig. [3](#Fig3){ref-type="fig"}, from two thousand years ago (Egyptian galley) to Columbus crossing the Atlantic (1492) and Napoleon's navy (1800). In antiquity the internal structure was the simplest: one mast supporting one sail. Over time, the sails and the masts became more numerous as the speed and carrying capacity of the boats increased for the benefit of the people who constructed, owned and operated them. Modern monohulled sailboats align more with the Egyptian galley in that there is typically a single mast. The fastest monohulls in the world have a single mast and achieve maximum speeds with 2--3 sails.Figure 3The evolution of boats with sails over the past two thousand years: Egyptian galley, Columbus and Napoleon.

In Fig. [3](#Fig3){ref-type="fig"} the three boats are presented in frames of the same size in order to stress two additional points. In time, the complexity of the architecture increases as the internal structure morphs. Yet, in every frame the external shapes are the same as those that we predicted for the simplest model without internal structure (Fig. [1](#Fig1){ref-type="fig"}).

Features of internal structure can be predicted by continuing the analysis started in Eqs. ([1](#Equ1){ref-type=""}--[7](#Equ7){ref-type=""}). Assume that the lone sail in Fig. [1](#Fig1){ref-type="fig"} is supported by one mast, which is modeled as an elastic rod of height H and diameter d. The mast bends under the horizontal force received from the sail, which is F~a~, Eq. ([1](#Equ1){ref-type=""}). The mast is a beam in pure bending, because it is slender enough so that its slenderness H/d exceeds 50.

The highest stresses occur at the base of the mast, where the bending moment is maximum and of order F~a~H. This moment is balanced by the moment due to the nonuniform distribution of stresses in the mast cross section. The stresses are tensile on the forward (convex) side of the mast in bending, and compressive on the aft (concave) side. If the material is such that σ is the order of magnitude of the highest allowable (tensile and compressive) stresses at the base, then the bending couple in the cross section is of order σd^2^ × d, where the σd^2^ are the forces of the couple (tensile and compressive, both aligned with the mast) and d is the arm of the couple, which is transversal to the mast. From the requirement of rotational equilibrium, F~a~H \~ σd^3^, we obtain$$\documentclass[12pt]{minimal}
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To summarize, the predicted evolutionary design has the three external shapes discussed previously, plus one internal shape, d/H, the mast slenderness. One formula, Eq. ([9](#Equ9){ref-type=""}), governs the evolution of this technology, past and future. A stronger material (larger σ) makes a more slender (thinner, lighter) mast, which in turn decreases the dead weight of the vessel (and the submerged portion of the hull), reduces hull friction and increases the boat speed.

Comparison with Current Designs {#Sec3}
===============================

In the modern era, physics principles have played a guiding role in the improvements that have been made in the design of boats with sails. The icon of the central role of physics in boat design is Euler's entry^[@CR36]^ in the 1727 contest for the King's prize for the solution to the nautical problem to determine the best way to place the masts on vessels, and the relation between their positions and the number and height of the masts. Since then, fluid dynamics and naval engineering grew as scientific domains, as did naval vessel technology before and after the advent of steam power^[@CR37]--[@CR42]^. In this section we compare the current state of sail boat architecture with the design features predicted theoretically.

Table [1](#Tab1){ref-type="table"} consists of 96 single hulled sailboats with a variety of models, years, dimensions, weights, and designs^[@CR43]^. The variables D~x,~ D~y,~ L, and H correlate to Beam, Hull Depth, Overall Length, and Height, respectively, which are defined in Fig. [4](#Fig4){ref-type="fig"}. The displacement \[kg\] is the mass of the boat, which is equal to the mass of the water that is displaced by the boat.Table 1Sailboat model data.ModelYearLength Overall (L)Length Waterline (L)Beam (Dx)Sail Area (HL/2)Draft (max)DisplacementBallastPHRF RatingHull Depth (Dy)Height (H)Hull ShapeRig Setup(m)(m)(m)(m2)(m)kgkgs/nm(m)Aerodyne 47200114.212.834.3787.141.83115084686420.618.43Fin w/bulb & spade rudderFractional SloopAlajuela 33197710.068.383.2553.421.45612421321980.8213.4Fin w/rudder on skegCutterAlberg 35196110.597.322.9550.631.57571524042010.5713.04Long keelMasthead SloopAlerion19966.15.212.0820.441.078623542490.259.74Fin w/bulb & spade rudderFractional SloopArchabault 3120099.558.33.2350.911.9315013501110.4713.94Fin w/spade rudderFractional SloopB-2519897.626.482.5425.361.529073631410.2911.05Lifting keelFractional SloopBaba 40198012.1410.523.9180.271.831315454451830.6316.85Long keelCutterBalboa 2619697.86.352.4427.51.5216335442250.3710.32Swing keelMasthead SloopBaltic 37197811.288.313.6659.362.03616927761140.5715.48Fin w/spade rudderMasthead SloopBaltic 51198416.7614.444.92136.12.19175007321511.0822.3Fin w/spade rudderMasthead SloopBeneteau 49200515.0913.314.595.131.75129354300540.7418.38Fin w/bulb & spade rudderFractional SloopBianca 111197511.139.43.268.281.9860872794930.6216.07Fin w/spade rudderFractional SloopBlack Watch 37196511.287.623.255.461.55703119051830.714.95Fin keelMasthead YawlBoothbay Harbor OD19386.46.021.6821.091.079534082520.298.49Fin keelFractional SloopBravura Sportster 2920019.127.872.946.082.031814816720.3214.5Fin keelFractional SloopBrewer 12.8198312.810.294.1182.42.741081849901260.7716.93Keel/CBCutterBridges Point 2419857.325.692.3635.121.04178912702430.679.84Long keelFractional SloopBristol 47.7197914.3311.354.0189.933.351572268041140.7718.27Keel/Cbrd.MastheadBuccaneer 22019786.865.872.4119.040.9111114312340.299.37Fin w/trans. hung rudderFractional SloopBullseye19144.793.821.7813.011.656123403600.566.9Long keel w/trans. hung rudderFractional SloopBuzzard's Bay 1518997.474.572.0630.751.6811034542190.378.2Keel/Cbrd.GaffheadC&C 115200511.5110.063.6372.552.0353521905660.5216.9Fin w/bulb & spade rudderFractional SloopCal 24 (Hunt)19837.526.11.324.251.314975332190.329.56Fin w/spade rudderMasthead SloopCambria 4419851411.074.1188.531.8129735216870.719.2Fin w/rudder on skegCutterCape Dory 2519737.575.492.2124.340.9118147712610.59.33Long keelMasthead SloopCarrera 29019928.898.212.8838.931.71338603990.1414.28Fin w/bulb & spade rudderFractional SloopCartwright 40197512.199.353.4373.31.781066047631531.1915.31Long keelCutterD&M 2219716.715.722.5723.61.6812594542580.369.71Fin w/trans. hung rudderMasthead SloopDehler 39199611.8910.693.8295.871.9570012945810.4517.16Fin w/bulb & spade rudderFractional SloopDK 46200214.112.354.1134.89386504300−300.5422.95Fin w/bulb & spade rudderFractional SloopDolphin 24 (S&S)19597.365.792.3427.591.5819287482460.4610.12Keel/Cbrd.Masthead SloopDufour 280019778.256.752.9330.191.4627519002040.3910.9Fin w/spade rudderMasthead SloopElectra (Person)19606.865.112.1321.180.9113615892880.398.96Fin keelMasthead SloopEndeavour 3219769.757.72.9743.111.28530722681900.5813.21Fin w/rudder on skegMasthead SloopEricson 31-219679.227.112.938.091.47353813611680.4613.29Fin w/spade rudderMasthead SloopEsprit 37197711.289.633.5161.961.77771130391500.717.37Fin w/rudder on skegCutterEtchelles ODR19669.36.712.1327.961.3715089871200.411.71Fin w/rudder on skegFractional SloopExpress 37198411.39.43.5159.362.2144452087720.4315.43Fin w/spade rudderMasthead SloopFarr 36 OD200211103.5751.282.593059159600.2817.81Lifting keelFractional SloopFast Passage 39197612.0410.213.6174.231.68952634021320.7716.82Fin w/rudder on skegCutterFigaro Solo19899.148.43.2548.771.82400900480.3413.22Fin w/bulb & spade rudderFractional SloopFinngulf 37200411.25103.564.64265002250840.4816.85Fin keel w/bulbFractional SloopFlying Tiger 10 m20059.959.242.7949.892.321984870540.3214.61Lifting keelFractional SloopGladiator 2419587.326.12.2925.731.2217469302580.4810.83Fin keelFractional SloopGrampian 3019699.077.772.939.481.42390117551920.7313.38Fin w/spade rudderMasthead SloopHallburg Rassy 3119929.567.743.3246.171.73457220321980.5713.51Fin w/spade rudderFractional SloopHanse 385201111.410.43.8867.261.9976002200990.5316.98Fin w/bulb & spade rudderFractional SloopHarbor 20199765.182.1320.441.078164082250.229.17Fin w/bulb & spade rudderFractional SloopHarpoon 6.219796.24.822.4417.561.127712492400.258.33Fin w/trans. hung rudderFractional SloopHenderson 3019979.48.76344.592.131746794450.2915.83Lifting keelFractional SloopHunter 336199510.218.713.5653.231.37500318601470.4317.02Fin w/bulb & spade rudderFractional SloopIrwin 2319687.015.642.4423.781.7514526802520.389.4Keel/CB & spade rudderMasthead SloopIslander 2919688.867.112.6936.421.12353811342340.5111.35Fin keelMasthead SloopIslander Packet 320199810.138.233.5851.651.3612427221980.7714.84Long keelCutterIW-3119689.246.712.6933.171.65353815421920.6410.84Fin w/rudder on skegMasthead SloopJ/111201011.19.973.2961.222.1943501595420.3915.86Fin w/bulb & spade rudderFractional SloopJ/160199616.0614.484.42127.832.13141525443−90.722.1Fin w/bulb & spade rudderFractional SloopJonmeri 48198814.5212.24.74109.162.51156407100750.8120.2Fin w/spade rudderMasthead SloopKirby 2519747.676.322.6726.851.2714295221770.210.68Fin w/spade rudderFractional SloopKnutson35195510.677.62353.051.47771124311950.8314.7Fin keelFractional SloopLafitte 44197813.5110.823.8689.831.931270151301260.7717.4Fin w/rudder on skegCutterLager 40198412.0910.133.8674.412.1855793039600.5817.05Fin w/spade rudderFractional SloopLittle Harbor 60199518.4214.554.93139.813.633197910433481.222.42Keel/Cbrd.CutterLuders 1619338.034.981.7520.811.2213387262160.459.96Long keelMasthead YawlMedalist 33196510.067.343.0542.361.6530719052340.8713.89Fin w/spade rudderMasthead SloopMistress 3219699.76.92.8441.341.85340015001950.6311.25Fin w/rudder on skegMasthead SloopMonhegan 48199814.8211.434.1996.711.52127465443720.7619.09Keel/Cbrd.Masthead SloopMoody 45 DS201013.7212.934.5797.921.991360043001080.8120.52Fin w/bulb & twin ruddersFractional SloopMumm 36199310.929.683.6159.832.2336971588420.3816.8Fin w/bulb & spade rudderFractional SloopNajad 373199911.39.753.6559.461.9830031001560.6417.1Fin w/rudder on skegMasthead SloopNevins 40195512.198.383.4368.652.31997923131680.8314.33Keel/Cbrd.Masthead YawlNewport 2819748.467.622.936.71.3317514521950.5812.64Fin w/spade rudderMasthead SloopNordic 44198013.3610.83.9485.382.13105464237840.6518.78Fin w/rudder on skegMasthead SloopOhlson 36195810.977.622.84n/a1.85626022681890.8612.56Fin keelMasthead SloopOyster 485199414.7811.434.2789.182.1317033590840.8418.08Fin w/rudder on skegCutterPuma 2319716.875.392.2122.761.1813476752580.439.77Fin w/rudder on skegMasthead SloopQuickstep 2419767.295.792.4124.061.0418148622400.369.39Fin w/rudder on skegMasthead SloopRanger 33196910.1182.9249.141.52476320411560.4513.39Fin w/spade rudderMasthead SloopRedwing 3019679.236.632.6837.531.37338316471950.7710.86Fin w/spade rudderMasthead SloopRhodes 41196112.448.533.1267.351.75852836631710.8714.05Long keelMasthead SloopSabre 386200411.799.913.8669.122.0876882903840.616.45Fin w/bulb & spade rudderMasthead SloopSabre 426200212.9510.974.0985.472.08108863810690.6317.34Fin w/bulb & spade rudderMasthead SloopSaga 43199613.1811.863.6688.441.9190003538810.5818.93Fin w/bulb & spade rudderMasthead SloopSailmaster 2219636.715.032.1321.271.816566352940.338.96Keel/Cbrd.Masthead SloopSeafarer 45196113.749.243.3583.421.961134041961561.0415.85Fin keelMasthead SloopSeascape 2720117.997.992.5445.991.9511505501050.2612.25Keel/CB w/twin ruddersFractional SloopSwan 77199224.0118.386261.143.45100118000−121.4132.11Fin w/spade rudderMasthead SloopTartan 3800199411.589.453.7961.781.62725831751140.6416.44Fin w/bulb & spade rudderMasthead SloopTayana 55198316.76144.9129.971.98219547963540.7420.77Fin w/rudder on skegCutterThunderbird19587.926.172.328.711.4616566942130.3310.97Fin w/spade rudderFractional SloopUltimate 2019946.355.492.4422.571.524992041440.169.72Lifting keelFractional SloopViper 83019968.447.622.5938.832.181134700660.2312.94Lifting keelFractional SloopWhistler 48198214.5312.274.24108.61.781628861961020.9319.39Sheel keelCutterX-442199313.5111.24.1388.812.2996624300360.6318.58Fin w/bulb & spade rudderMasthead SloopYankee 2619747.926.32.6427.871.4524209742640.612.94Fin w/rudder on skegMasthead SloopFigure 4The main dimensions used in yacht construction.

PHRF is the performance indicator, which stands for Performance Handicap Racing Fleet. PHRF is a handicapping standardization that equates the performance of different boats. It is designed to rate the boat design characteristics only, and is impartial to the talent of the skipper and crew. With this in mind, the skipper and crew who sail the best overall race from boat handling and tactical perspective should be awarded as the victors.

Boats are given PHRF ratings based on empirical data including dimensional characteristics, materials, past race finishes, similar boats scaling, and comparisons to other handicap systems. The PHRF system also accounts for three ranges of wind conditions (light, moderate, heavy breeze) by utilizing distinct constants for the ratings formula. Like all handicapping systems, PHRF is imperfect due to the opportunity to inject subjectivisms but is the most-widely accepted handicapping systems in the U.S.

For the scope of this article, it should be known that the lower or negative ratings correlate to faster boats. For instance, the fastest boat in Table [1](#Tab1){ref-type="table"} is the DK 46 with a PHRF rating of 30, and the slowest is the Bullseye with a rating of 360. In moderate conditions, the DK 46 should be 1.75 times faster boat-for-boat than the Bullseye when utilizing the correction factor formula. The correction factor is then applied to the overall time, generating a "corrected time" that generates a one-to-one comparison between the different boats. The boat with the lowest corrected time is the winner of the race.

Plotted in Figs. [5](#Fig5){ref-type="fig"}--[7](#Fig7){ref-type="fig"} are the actual measurements extracted from Table [1](#Tab1){ref-type="table"}. The three figures show the aspect ratios D~x~/D~y~, L/D~x~ and H/L versus the boat displacement. Noteworthy is that the three aspect ratios do not depend on the displacement. This means that the main aspects of the configuration did not change over time, as the displacement increased in history (cf. Fig. [3](#Fig3){ref-type="fig"}).Figure 5The ratio D~x~/D~y~ (beam/draft) according to the data presented in Table [1](#Tab1){ref-type="table"}.Figure 6The ratio L/D~x~ (overall length/beam) according to the data presented in Table [1](#Tab1){ref-type="table"}.Figure 7The ratio H/L (height/overall length) according to the data presented in Table [1](#Tab1){ref-type="table"}.

The results provided by Eqs. ([3](#Equ3){ref-type=""}), ([4](#Equ4){ref-type=""}) and ([7](#Equ7){ref-type=""}) predict the convergent evolution observed in Figs. [5](#Fig5){ref-type="fig"}--[7](#Fig7){ref-type="fig"}. The geometrical ratios that define the shape of the boats with sails are permanent characteristics over the ages and cultures.

Due to the number of unique designs, calculating the exact performance of a yacht is dependent on a significant number of intrinsic properties as well as external factors. Different boats achieve peak performances at specified degrees from the wind direction in specific conditions. 'Degrees' refers to the boat pointing angle relative to the true wind direction. Ultimately, as the boat moves faster and increases the apparent wind velocity (wind speed plus boat speed), the apparent wind angle becomes small relative to the true wind angle.

The fastest boats in the world are almost always sailing 'upwind' (with sails pulled in closer to the hull mid-line) because they can generate significant boat speed relative to the wind speed. This phenomenon is depicted in Fig. [2](#Fig2){ref-type="fig"}. Note the two distinct instances, where the boat speed (S~1~ \< S~2~) and the angle of attack (β~1~ \> β~2~) change, while the true wind speed W is constant. The apparent wind vector A increases with the boat speed when the boat direction and the true wind vector do not change. The sail's (or airfoil's) leading edge will point in the direction of the apparent wind to generate lift. As the boat speed continues to increase, the apparent wind angle moves forward until the sail is pulled to centerline (cf., Fig. [2](#Fig2){ref-type="fig"}), at which point the boat has reached is maximum speed for its relative boat angle from the true wind direction.

There are various calculations to generate boat speed using a characteristic dimension. One example is the critical velocity or $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{V}}}_{{\rm{c}}}\cong 1.25\,{({\rm{LWL}})}^{1/2}$$\end{document}$. This formula follows from the fact that the bow of a sailboat moving through the water produces a transverse wave, and at critical velocity the wave extends the length of the waterline, which essential traps the boat in the trough, not allowing it to escape the transverse wave, and so capping its velocity. There are various circumstances that can allow a boat to go faster than V~c,~ such as "surfing" external waves or utilizing hydro-foils to lift the hull out of the water.
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